Variability of bedload transport rate during fl ood fl ows in the Zagożdżonka River. The paper presents the measurement results of bedload sediment transport during the fl ood fl ows observed in the Zagożdżonka River. The point for measuring the bedload transport, equipped with sediment catcher, devices for continuous measurements, and automated data recording, was localized above the Czarna gauge station in catchment studied by the Department of Hydraulic Engineering and Environmental Restoration, Warsaw University of Life Sciences -SGGW. The results of bedload transport measurements during one of the fl ood fl ow waves were compared to those calculated by using the Bagnold's formula. To determine the critical bed-shear stress, the Author's formula resulting from laboratory experiments, was used. Calculated variability of bedload transport rate during analyzed fl ood fl ow wave apparently differed from that directly measured. Nevertheless, mass of bedload achieved from calculations was lower by 6% than that from measurements, which can be considered as good result consistence.
INTRODUCTION
Bedload transport is characterized by great variability of temporary intensities. It is mainly associated with the transport mechanism of bedload that -under conditions of lower fl ow regime and for sandy material -is transported in a form of bottom ripples and dunes with changing size and shape. It makes that even under steady fl ow conditions, the bedload transport rate varies in time, which was recorded both in laboratory and in in situ studies (Skibiński 1976; DVWK 1992; Hoey 1992; Shen 1998; Popek 2006) .
During the fl ood event, when hydraulic fl ow parameters quickly vary, bedload transport is characterized by apparently higher variability than under steady fl ow conditions. The histeresis phenomenon occurs along with considerable increase of bedload transport rate, which can be observed from a dependence between the fl ow rate vs. bedload transport rate. It can be recorded only when parameters of water fl ow and bedload transport are continuously measured (Reid et al. 1985; Kuhnle 1991) . The device for continuous recording of water stage and mass of bedload trapped in the catcher placed on the river bottom, was applied in own study performed in natural bed of small lowland river with sandy bottom (Popek 2006) .
Up-to-date results obtained from own studies and those achieved by other authors, have not yet allowed for deter-mining the strict dependences that would describe the bedload transport during unsteady fl ow during fl ood fl ow waves. An intensive transport of bedload in such conditions and associated erosion processes signifi cantly affect on the morphology and stability of river bed. Therefore, possibility to determine the actual values of bedload rate during those events is of a great practical importance, because knowledge on the infl uence of proposed solutions on a river bed stability and its morphology, is a signifi cant designing element in river engineering. In turn, determining the course of sedimentation processes is important in the case of water reservoir designing.
Thus, the study presents the attempt to apply the empirical Bagnold's formula for determining the bedload transport rate during the fl ood fl ow wave, i.e. under unsteady fl ow conditions.
MATERIAL AND METHODS
The point for bedload transport measurements was localized in natural bed of the Zagożdżonka River above the Czarna gauge station within the catchment studied by the Department of Hydraulic Engineering and Environmental Restoration, Warsaw University of Life Sciences. In the Czarna profi le, the catchment of the Zagożdżonka river is of 23.4 km 2 surface area, with mean annual discharge of about 0.08 m 3 ⋅s -1 . The riverbed within studied section is characterized by following parameters: riverbed width at water surface -3÷4 m, bottom width -2÷3 m, maximum depth -0.6÷0.7 m, longitudinal bottom slop -about 1‰, the bed material is composed of medium sand of d 50 = 0.41 mm particle diameter. The measurement station was equipped with devices for continuous measuring, automatic recording of water stages, and mass of bedload trapped in a catcher, the scheme of which is presented on Figure 1 . In general, the bedload catcher consists of two containers of 0.75 × 0.75 × 0.63 m dimensions each and total volume about 0.7 m 3 , underneath of which the sensors for measuring the weight of bedload that was accumulated in containers, are mounted (Popek 2006) . The Bagnold's formula was applied to calculate the bedload transport rate during fl ood fl ow waves (1986); the formula was derived on a base of in situ surveys and in laboratory under steady 
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-1 ], according to Bagnold's, can be expressed as the following general dependence:
where ω 0 is a critical value, after exceeding of which the bedload transport is initiated:
where τ cr is critical shear stress at the bottom in [kg⋅m -2 ] .
Based on the analysis of results from study upon transport of bedload material consisting of d = 0.018-300 mm particle diameter, Bagnold achieved the following dimensionless expression for generalized form of the dependence (3): To determine the expression value 0 ( ) ω ω in the equation (5), it is necessary to determine the shear stress at the bottom values τ b and critical bed-shear stress τ cr . The Zagożdżonka riverbed is relatively narrow, and bank slopes and roughness signifi cantly affect the fl ow resistances in cross-section, as well as the water stream infl uences on riverbed bottom. Under such circumstances, to determine the shear stress at the bottom τ b , it is necessary to replace the water depth variable h in equation (2) 
To obtain the equation (6), the Einstein's method was used, which assumes that the velocity distribution within cross-section depends on inter-relations between fl ow resistances arisen at the bottom and river banks. The surfaces area associated with the resistances on riverbed banks and bottom were determined on a base of measured fl ow velocity distribution within cross-section of the water stream.
Then, values of hydraulic radii for these riverbed parts were calculated, which allowed for fi nal establishing the dependence (6). Due to existing fl ow conditions, the procedure was analogous as in the case of the Bagnold's dependence (5), where, the hydraulic radius for bottom R b was put instead of the water depth h. 
RESULTS AND DISCUSSION
During the fl ood fl ow wave, when character of the fl ow is unsteady, the presence of right-sided histeresis in the dependence between fl ow discharge vs. bedload transport rate, which indicates that at the same discharges (water stages), the bedload transport rate during the rising of the fl ood fl ow wave, is higher than during its falling. Figures 2 and 3 (Fig. 2) and slow-variable waves No IV ÷ VII (Fig. 3) . Table 1 presents general parameters of water fl ow and bedload transport measured during analyzed waves. For fast-variable waves (No I ÷ III), the time t p was 1÷2.5 h, i.e. time measured since beginning of the fl ood event to the peak fl ow, while for slow -variable waves -it amounted to 7÷19 h. It is clear on Figures 2 and 3 , that the rising time of fl ood fl ow signifi cantly affects the shape of histeresis loop; however, regardless of the wave type, t mb , i.e. time measured till the maximum bedload transport rate, was for all cases shorter than t p . It means that maximum bedload transport rate occurs sooner than peak discharge (maximum water stage) -it is also apparent from plots on Figures 1 and 2 . Data in Table 1 indicate that during the time t f , i.e. since maximum fl ow rate till the end of bedload transport rate measurements, the mean bedload transport rate q b is considerably lower than at time t p . In most cases, q b values within analyzed time intervals differ by an order.
The time shift between maximum bedload transport rate and fl ow discharge results from changed fl ow resistances which expressed as changes in a hydraulic slope. During the fl ood fl ow wave No VII, elevations of water surface were (6) and (7) defi ned by the Author. The plot (Fig. 5) illustrates the hydrograph of a water stages during the fl ood fl ow wave No VII, as well as Slope of water table [‰] Water stage [cm] 1 2 the variability of bedload transport rate determined on a base of in situ measurements, which was compared with data achieved from calculations. It is apparent that plots made on a base of measurements and calculations differ in respect to bedload transport rate values. Instead, the maximum value appears at the same time in both cases. The total mass of the bedload was compared as well. In that case, quite good result conformity was achieved: according to measurements, it amounted to 746 kg, while calculations revealed 701 kg, which was only by about 6% lower.
CONCLUSIONS
Performed survey and comparative calculations made possible to draw the following conclusions: 1. The bedload transport rate is characterized by great variability that is particularly apparent during the rising time of the fl ood fl ow wave. The histeresis phenomenon occurs then, which is observed as the dependence between fl ow discharge (water stage) vs. bedload transport rate. 2. The histeresis phenomenon is infl uenced by a variability of fl ow resistances expressed as differentiation in the slopes of water table during rising and falling of the water stages. 3. Maximum bedload transport rate during fl ood fl ow wave occurs earlier than peak of fl ow discharge (maximum water stage). 4. In calculations made according to the Bagnold's formula, the specifi c water stream force was determined by means of Author's empirical formula. Quite great conformity between measured and calculated mass of a bedload transported during one of the analyzed fl ood event, was obtained. Therefore, it can be a basis for the assumption that presented calculating procedure may be applied under unsteady fl ow conditions if data on fl ow parameters variability, including temporary slopes of water table, are accessible.
